On the basis of previous research work on solar solid adsorption refrigeration, some advanced application methods for a solar ice maker have been studied. These include the efficient design of a new adsorbent bed; experimental studies of working pairs for a solar ice maker using activated carbon-methanol and activated carbon-ethanol; the effects of sky cloud cover on a solar ice maker; and the efficient utilization of a solar ice maker with provision for heating and cooling. The provision of tables to assist in the choice of a massproduced solar ice maker was also examined. Simulation of the characteristics of a solar ice maker has been undertaken in some areas in Tibet where the natural climatic conditions appear to be ideal for the operation of such a device.
INTRODUCTION
Solar refrigeration is an attractive application of solar energy in those regions where sunshine is in ample supply coupled with a growing need for cooling. Recent reports have indicated the application potential of solid adsorption refrigeration and have highlighted many interesting topics regarding solar ice makers. These include a study of the thermal decomposition of methanol in solar-powered adsorption refrigeration systems (Hu 1996) , the experimental design of an adsorptive solar-powered ice maker (Boubakri et al. 2000) , the performance of a new solid adsorption ice maker with solar energy regeneration (Leite and Daguenet 2000) , experimental data on an advanced solar-powered adsorption refrigerator (Buchter et al. 2001) , solar refrigeration for rural applications (Enibe 1997) and solar refrigeration and cooling (Best and Ortega 1999) . However, the application of mass-produced solar solid refrigeration is still in the experimental stage. This paper focuses on some advanced studies of a solar solid refrigeration system based on our recent work, with the aim of speeding up the application of a solar ice maker in those regions where the climatic conditions are suitable.
DESIGN OF A NEW ADSORBENT BED
The most important component of a solar solid adsorption refrigeration system is the adsorbent bed. Traditionally, solar solid adsorbent beds have been designed as sealed flat plate boxes. In such designs, the metal plate is used as the heat-transfer medium with the adsorbent (activated carbon, AC) *Author to whom all correspondence should be addressed. E-mail: Imdocyn@public.km.yn.cn. charged inside and the top surface of the metal covered with a selective coating. To increase the heat-transfer effect, fins in contact with the front side are placed inside the adsorbent bed box. The welding necessary to seal the box is required to be of vacuum standard. The sealed box is placed behind a cover, i.e. a sheet of glass, within a thermally insulated formed plastic. Such an arrangement is shown schematically in Figure 1 Recently, a new design of adsorbent bed has been developed by our group. In this case, the activated carbon is placed inside the box with the metal plate under the glass cover being omitted. The glass plate now transmits the solar energy directly into the activated carbon, with the transfer being assisted by the application of more efficient metal fins. A further advantage of this design is the reduction in the standard of vacuum welding required. This design is outlined in Figure  1 (B). To test its application experimentally, a prototype with a solar collector surface of ca. 1 m 2 was built to examine the characteristics of ice and the coefficient of performance, COP. The results obtained showed that 4.0 kg ice was produced when the adsorbent bed was exposed to radiation energy of ca. 13 MJ/m 2 for 3 h. The COP value was in the range 0.15-0.17 compared to a value of 0.1-0.2 for the COP of a traditional sealed adsorbent bed solar ice maker. Three advantages of the new design are obvious. These are its simple construction, its ability to retain a vacuum and a superior COP. Indeed, the experimental results indicated that this new type of adsorbent bed was worthy of further investigation.
STUDY OF ACTIVATED CARBON (AC) WITH METHANOL AND ETHANOL AS REFRIGERANTS
Two different working pairs, i.e. AC-methanol and AC-ethanol, were used in a solar ice maker to determine ice production and refrigerant criteria in desorption/adsorption processes under similar radiation energy and environmental conditions.
Experiments with ice
Subsequent to the development of a valve-less solar ice maker (Li et al. 2004) , experiments were conducted to examine the production of ice using working pairs consisting of AC-methanol and AC-ethanol, respectively. The experimental results obtained are listed in Table 1 .
From the data in Table 1 , it can be seen that the solar ice maker with an AC-methanol working pair produced 3.45 kg ice when exposed to radiation energy of 15.2 MJ. However, no ice could be obtained from the same solar ice maker when the working pair was AC-ethanol, even when the same conditions of radiation energy and environment were employed. Similar experimental results were obtained when different radiation energy was employed, indicating that AC-ethanol is not a suitable working pair for application in a solar ice maker.
Experiments on the desorption/adsorption properties of the refrigerant
To further analyze the properties of the AC-methanol and AC-ethanol working pairs for a solar ice maker, experiments were undertaken using three contrasting experimental groups. The data thereby obtained are listed in Table 2 .
It can be seen from Table 2 that the amount of desorbed and adsorbed refrigerant was stable for the AC-methanol working pair. The amount of refrigerant desorbed and adsorbed appeared to depend directly on the amount of energy accepted by the adsorbent. The greater the amount of radiation energy accepted, the greater the amount of refrigerant desorbed during the desorption process and also adsorbed during the adsorption process. However, such a situation did not apply with the AC-ethanol working pair where the amounts of refrigerant desorbed and adsorbed fluctuated considerably.
Analysis of the refrigeration effect
The characteristics of a solar ice maker are normally described in terms of its refrigeration effects, Q ref (or the mass of ice collected in the ice box), and the coefficient of performance, i.e. COP. The refrigeration effects, Q ref , may be expressed as:
( 1) ( 2) where x conc is the adsorption capacity before desorption, x dil is the adsorption capacity after desorption, M a is the mass of adsorbent inside the adsorbent bed and L e is the latent heat of vaporization. Similarly, the coefficient of performance, COP, may be written as:
( 3) where is assumed to be the amount of radiant energy which must be supplied to the liquid refrigerant to raise its temperature from the condensing temperature, T c , to the evaporation temperature, T e , while is the total radiant energy absorbed by the collector during the whole day.
Employing the above definitions, let us assume that the COP of the solar ice maker with AC-ethanol as the working pair is COP 1 while the COP of the solar ice maker with AC-methanol as the working pair is COP 2 . For ethanol, L e = 842 kJ/kg and ρ = 789 kg/m 3 . Similarly, for methanol, L e = 1102 kJ/kg and ρ = 791 kg/m 3 . Using these experimental data and the above formula, it follows that COP 1 /COP 2 = 0.2-0.3. This means that the performance of the solar ice maker with AC-ethanol is considerably lower than that of the solar ice maker with AC-methanol. Thus, it appears from our experimental results that the substitution of methanol by ethanol as a refrigerant for a solar ice maker is not possible at present.
STUDY OF THE EFFECTS OF SKY CLOUD COVER ON A SOLAR ICE MAKER
The valve-less solar solid adsorption ice maker was also used to carry out experiments under real solar radiation conditions, with different performance variations of the solar ice maker being effected via variations in the sky cloud cover. The experimental results listed in Table 3 indicate that the performance of the solar ice maker was severely affected by the resultant shadowing. Under similar external environmental conditions, the refrigeration effect varied greatly with the duration of time of the sky cloud cover. The greater the length of time the sky remained clouded,
the poorer the refrigeration effects. The following results may be extracted from the data recorded in Table 3: • From Group 1, an exposure of 6 h with 14.19 MJ/m 2 solar radiation with a sky cover period of 1 h produced 2.3 kg ice. • From Group 2, an exposure of 7 h with 15.24 MJ/m 2 solar radiation with a sky cover period of 2.5 h only produced 1.7 kg ice. • From Group 3, an exposure of 7.33 h with 15.29 MJ/m 2 solar radiation with a short cloud cover period of 0.5 h produced 2.45 kg of ice. It is quite obvious that the solar ice maker demonstrated its best refrigeration effects as the length of the sky cloud cover period decreased. • From Groups 4 and 5, this tendency was confirmed when there was a relative absence of sky cloud cover. Under these conditions, ice production rose to as high as 4.0 kg and the COP attained a value of ca. 0.10-0.11. However, the solar ice maker was very restricted in its ice-making capacity when the length of the sky cloud cover period approached 3 h. • As revealed by the data from Group 6, a long period of cloud cover (3 h) reduced the solar radiation energy from 15 MJ/m 2 to 10.8 MJ/m 2 .
The data listed in Table 4 and depicted in Figure 2 illustrate the variation of refrigeration output with the extent of the sky cloud cover based on the experimental results obtained. The data clearly demonstrate that the refrigeration effect of the solar ice maker was greatly affected by the solar radiation conditions which, in turn, were closely related to the sky cloud cover. The results clearly show that a better performance could be expected from the solar ice maker if the sky cloud cover was less than 1 h and the solar energy accepted by the collector was greater than 15 MJ/m 2 . The refrigeration effect was greatly reduced if the sky cloud cover was ca. 2 h or more, the solar energy accepted by the collector being ca. 12-14 MJ/m 2 . If the sky cloud cover was greater than 3 h and the solar energy accepted by the collector less than 11 MJ/m 2 , no effective refrigeration effect could be expected. These experimental results specifically provide a specialized climate resource which could be most useful in the selection of a suitable environment for locating a solar ice maker. 
AN EFFICIENT COMBINED SOLAR COOLING AND HEATING SYSTEM
After many experiments and simulated model analysis for a solar solid adsorption system, a new flat plate solar heating and cooling combined system is proposed and an experimental prototype has been constructed. A traditional flat plate solar water heater collector was installed in the middle of the adsorbent layer to recover both the available heat of the adsorbent and the adsorption heat to produce hot water for domestic use. At the same time, it was found that the use of water to cool the adsorbent bed improved the refrigeration effect during the adsorption process. Experiments have shown that this new combined system can be operated in a simple manner and generate ice efficiently. Figure 3 shows the schematic layout of the flat plate solar heating and cooling combined system. The system consists of a combined adsorbent bed (9), evaporator (2), condenser (6), water tanks (12, 14), reservoir (4), valves, etc. The key part of the system is the combined adsorbent bed constructed from a metal plate box, in which the adsorbent (activated carbon) is placed, covered with a selective coating on its top surface and placed behind a single sheet of glass in an insulating case. In addition to these parts, a traditional flat plate collector adsorber from a solar water heater is placed in the middle of the adsorbent layer to receive both the available heat during the cooling process and the adsorption heat during the adsorption process. The recovered heat can be used for heating the water in tank 12.
The experimental results obtained with this arrangement are listed in Table 5 . This table also includes values of those parameters necessary for determining the characteristics of this new combined system, such as COP solar , the ice mass, the heating efficiency, as well as the temperature increase of the water during the cooling and adsorption processes. From experimental studies, it was shown that the adsorbent in the combined solar flat plate system attained the necessary temperature for desorption quite easily in contrast to the situation with the combined solar system described by us previously (Wang et al. 2000) . This new combined flat plate heating and cooling system exhibited a refrigeration effect, with the available heat from the adsorbent bed and the adsorption vacuum valves; 4, reservoir; 5, condensation box; 6, condenser; 8, adsorption bed insulator; 9, combined adsorber bed; 10, glass cover; 11, 13, 15, 16, 19 and 20, water valves; 12, top heat being readily removed by a collector incorporated within the adsorbent layer. The combined solar flat plate system also exhibited good heat-transfer effects during both the desorption and adsorption processes.
THE PROSPECTS FOR THE SOLAR ICE MAKER INDUSTRY IN TIBET
Tibet is located at a higher altitude than the rest of China and, as a consequence, solar radiation is in quite plentiful supply. In addition, it is difficult at present to supply electricity to some villages which are remote from city areas. Hence, solar refrigeration would be very useful in these areas to keep food and medical vaccine fresh. Table 6 shows the solar radiation resource available in various Tibetan locations. It is clear that the total solar radiation energy in these locations is ca. 6000-8000 MJ/m 2 per annum and that the hours of sunshine are ca. 1500-3400 per year for most areas. This demonstrates the abundance of good locations for abundant solar energy in Tibet. Predictions of the refrigeration effects obtainable with a solar ice maker may be obtained from our previous studies Wang 2002, 2003; Li et al. 2002a Li et al. ,b, 2003 . The simulated results are listed in Table 7 with each day of sunshine being assumed to last 10 h. It is clear from the data given in Table 7 that most Tibetan locations possess great potential for the application of solar refrigeration. In such locations, a solar ice maker could be used to produce ice on an annual average of at least 200 d. Indeed, such use could be extended to 300 d in some locations. In this respect, both ice production and COP are better than those obtainable in various provinces of China. Such a good solar resource could provide a better market for mass-produced solar ice makers.
CONCLUSIONS
Some useful methods for solar solid refrigeration are proposed and discussed in this paper. Experimental results have demonstrated the success of each method mentioned. Two efficient methods for adsorbent bed were proposed. The top metal plate is removed in the first method, while the traditional solar collector absorber is placed inside the carbon layer in the second method thereby allowing the recovery of the available heat of adsorption.
The most suitable working pair for a solar ice maker is still activated carbon-methanol. Our experimental results showed that activated carbon-methanol could not be replaced as a working pair by activated carbon-ethanol. The characteristics of solar refrigeration are severely affected by the sky cloud cover. It is easy to generate ice if such cloud cover extends for less than 1 h, but experiments have shown that it is difficult for the solar ice maker to generate ice when the sky cloud cover extends for more than 3 h. Simulated results based on the solar radiation resource conditions existing in Tibet show that the solar ice maker has a good potential market there.
